Drosophila Elav is the founding member of the conserved family of Hu RNA-binding proteins (RBPs), which play crucial and diverse roles in post-transcriptional regulation. Elav has long served as the canonical neuronal marker. Surprisingly, although Elav has a well-characterized neural cis-regulatory module, we find endogenous Elav is also ubiquitously transcribed and post-transcriptionally repressed in non-neural settings. Mutant clones of multiple miRNA pathway components derepress ubiquitous Elav protein. Our re-annotation of the elav transcription unit shows not only that it generates extended 3′ UTR isoforms, but also that its universal 3′ UTR isoform is much longer than previously believed. This longer common 3′ UTR includes multiple conserved, high-affinity sites for the miR-279/996 family. Of several miRNA mutants tested, endogenous Elav and a transgenic elav 3′ UTR sensor are derepressed in mutant clones of mir-279/996. We also observe cross-repression of Elav by Mei-P26, another RBP derepressed in non-neural miRNA pathway clones. Ubiquitous Elav has regulatory capacity, since derepressed Elav can stabilize an Elavresponsive sensor. Repression of Elav in non-neural territories is crucial as misexpression here has profoundly adverse consequences. Altogether, we define unexpected post-transcriptional mechanisms that direct appropriate cell type-specific expression of a conserved neural RBP.
INTRODUCTION
microRNAs (miRNAs) are ∼22 nt RNAs that regulate broad target networks and play diverse biological roles (Bartel, 2009; Sun and Lai, 2013) . Although it is difficult to identify processes that are not regulated by miRNAs, the general activity of the miRNA pathway and, by extension, that of the bulk of miRNAs, has often been considered to be important for differentiation. This concept is based on: (1) the broad diversity of miRNAs expressed in specific organs or terminally differentiated cells (Lagos-Quintana et al., 2002) ; (2) general downregulation of miRNAs in tumors compared with normal tissues (Lu et al., 2005) ; (3) that certain miRNA mutants, including the founding locus lin-4, reiterate early cell lineages (Chalfie et al., 1981; Lee et al., 1993) ; and (4) the fact that certain stem cell types, including embryonic stem cells (Wang et al., 2007) and neural stem cells (Andersson et al., 2010; KawaseKoga et al., 2010) , tolerate deletion of core miRNA biogenesis factors but are unable to differentiate. Nonetheless, it is clear that miRNAs affect the behavior of stem cells and other undifferentiated cells, and are otherwise embedded in a diverse array of biological settings (Flynt and Lai, 2008; Shenoy and Blelloch, 2014; Sun and Lai, 2013) .
In this study, we report surprising observations on the role of posttranscriptional regulation in determining the spatial accumulation of Drosophila Elav. This was one of the first loci for which transcript and protein products were recognized as being restricted to neurons (Campos et al., 1987; Robinow et al., 1988) . Antibodies against this nuclear RNA-binding protein (RBP) were the first reagent to label postmitotic Drosophila neurons (Robinow and White, 1991) , and its status as the standard neuronal marker was solidified by the development of high-quality mouse and rat monoclonal Elav antibodies more than 20 years ago (O'Neill et al., 1994) . Despite reports that Elav is transiently detected in embryonic neuroblasts and glial cells (Berger et al., 2007; Lai et al., 2012) , its robust and specific accumulation in postmitotic neurons makes Elav the marker of choice for this terminally differentiated fate.
We unexpectedly find that endogenous Elav protein is ectopically expressed in non-neuronal mutant clones of miRNA pathway components due to loss of post-transcriptional repression via the elav 3′ UTR. Thus, this classic cell-specific differentiation marker is under spatially broad repression by the miRNA pathway. Moreover, we demonstrate that the seemingly background staining detected by Elav antibodies actually reflects native accumulation in wild-type non-neural cells. Out of many miRNAs bearing conserved target sites in the elav 3′ UTR, we identify a substantial role for mir-279/ mir-996 in restricting Elav expression. We also provide evidence for an auxiliary repression mechanism for elav mediated by the RBP Mei-P26. Although basal levels of ubiquitous Elav are modest, its derepression in miRNA pathway clones has functional impact on a transgenic Elav sensor. Moreover, directed misexpression of Elav outside of the nervous system, but not within the nervous system, is profoundly deleterious. Altogether, we demonstrate unexpected post-transcriptional circuitry that restricts the expression and activity of the canonical postmitotic neural RBP Elav.
RESULTS

Loss of the miRNA pathway derepresses Elav in non-neuronal territories
In the course of examining clonal phenotypes of miRNA pathway mutants (Smibert et al., 2011) , we were surprised to observe that arbitrary imaginal disc clones expressed Elav, the canonical nuclear neuronal marker in Drosophila. This was notable because beyond the photoreceptors of the eye disc, few differentiated neurons are found in other larval imaginal discs. For example, whereas there are only a few Elav-positive neurons in the wing imaginal disc, homozygous mutant clones of core miRNA pathway factors such as drosha, pasha and Dicer-1 (Dcr-1) reliably exhibited cellautonomous accumulation of Elav protein (Fig. S1A, Fig. 1E ).
Although the clonal derepression we observed in multiple mutants was unequivocal, ectopic Elav accumulated to a lower level than in differentiated neurons, and was not restricted to the nucleus unlike in neurons. As miRNA pathway clones are growth disadvantaged (Herranz et al., 2010) , we sought to improve their recovery using the Minute technique (Blair, 2003) . Curiously, not only did we obtain larger clones, but these derepressed Elav protein more robustly than conventional clones (Fig. 1B-D) . We previously showed substantial perdurance of miRNAs when depleting upstream miRNA biogenesis components (Smibert et al., 2013) . Consequently, cells that are chromosomally null for miRNA biogenesis factors may retain variable amounts of miRNA functionality. We infer that the extent of Elav derepression is sensitive to the loss rate of cognate mRNA/protein products and/or existing miRNAs, which may be influenced by dilution upon cell division and/or potentially distinct turnover rates of individual miRNAs.
Post-transcriptional repression of elav might be due to miRNAmediated silencing or, alternatively, might reflect direct mRNA cleavage by miRNA pathway nucleases (Han et al., 2009; Karginov et al., 2010; Smibert et al., 2011) . We therefore examined Flp-out clones expressing a knockdown transgene against the AGO1 co-factor GW182 (Gawky -FlyBase) (Smibert et al., 2013) , which specifically impairs miRNA regulatory activity. Clones expressing GW182-RNAi similarly accumulated Elav protein (Fig. 1F, Fig. S1A ), indicating that miRNA activity per se restricts Elav in non-neuronal territories.
Evidence for endogenous, ubiquitous accumulation of Elav
Since Elav is generally considered to accumulate in postmitotic neurons, the phenomenon described above might be interpreted at face value as reflecting ectopic Elav. However, since miRNAs operate post-transcriptionally, we considered whether Elav might be deployed more broadly than currently appreciated. In the larval eye imaginal disc, Elav is well known to accumulate in photoreceptor neurons located posterior to the morphogenetic furrow (MF). Eye discs bearing control clones showed the normal pattern of strong signal in differentiating photoreceptors posterior to the MF (Fig. 2A,A′) , with longer exposure showing ubiquitous signals that are typically interpreted as background staining (Fig. 2A″) . Essentially, all of the thousands of publications that utilize this standard eye marker employ imaging settings that minimize nonphotoreceptor signals. Eye discs bearing Dcr-1, pasha clones showed substantial derepression of Elav anterior to the MF and in the antennal disc. This was evident even with 'typical' exposure ( Fig. 2B′ ) but became obvious upon increasing the gain (Fig. 2B″) . We examined other larval tissues and detected Elav derepression in miRNA pathway clones in haltere and leg discs, as well as in nonimaginal tissues such as the gastric cecum (Fig. S1B) , indicating spatially broad repression of Elav by the miRNA pathway.
We used an elav-RNAi transgene to assess whether non-neuronal Elav signals were genuine. Indeed, positively marked Flp-out Gal4 clones expressing elav-RNAi exhibited cell-autonomous depletion of Elav in both photoreceptors and non-neuronal territories of the eye-antennal disc (Fig. 2C) . Similarly, we observed that wing disc clones expressing elav-RNAi eliminated endogenous Elav staining (Fig. 2D ). These data suggest that the miRNA pathway clones do not reveal spatially ectopic Elav, but rather cause derepression of an unappreciated basal level of Elav present in most cells.
We confirmed these results by staining mitotic clones of the characterized null allele elav [4] . We used a negatively marked clone strategy in females (as elav resides on the X chromosome), in which homozygous mutant cells, their wild-type twinspots, and the heterozygous unrecombined tissue can all be distinguished. Remarkably, we observed distinct levels of Elav protein in territories bearing two, one or no copies of the elav locus (Fig. 2E ). These tests firmly establish ubiquitous, non-neuronal accumulation of endogenous Elav protein in imaginal discs.
With this revised perspective in mind, we searched for evidence of non-neural expression of elav using modENCODE mRNA-seq (Graveley et al., 2011) and total RNA-seq (Brown et al., 2014) data. Surprisingly, we observe that elav is maternally deposited (in 0-2 h embryos), clearly elevated at the onset of zygotic expression (in 2-4 h embryos, Fig. 2F ) and continues to be upregulated prior to neurogenesis (Fig. S2) , which occurs at 9-10 h (Hartenstein, 1993) . This provides definitive evidence for non-neuronal, even non-neuroblast (prior to 4 h), transcription of elav in the early embryo. 
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-/- Fig. 1 . Loss of the miRNA pathway derepresses the canonical neural marker Elav in non-neural territories. Shown are regions of the wing imaginal disc pouch, co-stained for a clonal marker (A-F; GFP, green or β-Gal, red) and Elav (A′-F′; grayscale). Negatively marked clones were generated using the Minute technique in A-D or conventional technique in E. Positively marked clones using the MARCM technique are in F. Example wild-type territories are indicated by +/+ and example clones are noted by −/−; heterozygous (+/−) tissue was only generated in E. Elav protein is derepressed in mutant clones lacking diverse core miRNA pathway factors (Dcr-1, pasha or drosha), or that are depleted for the miRNA effector (GW182). At least five imaginal discs were assayed for each genotype, and each set of stainings was performed at least twice; representative clones are shown.
We also detected elav transcripts in all Drosophila cell lines profiled (Cherbas et al., 2011) , most of which lack any documented neural character (Fig. 2F, Fig. S2 ). We detect Elav protein by western blotting in the commonly used S2 cell line (Fig. 2G) GFP, Dcr-2 or Dcr-1 and observed specific upregulation of Elav protein in cells depleted of Dcr-1 (Fig. 2G ). In summary, even though elav bears a neural cis-regulatory enhancer (Yao and White, 1994) and has been used for two decades as the canonical neural antigen in Drosophila, elav is also transcribed in non-neuronal cells of diverse developmental stages and cell types. Moreover, Elav is detectably translated in nonneuronal cells and tissues, but its basal protein accumulation is restricted by the miRNA pathway.
miRNA pathway loss does not result in neural transformation or transcriptional activation of elav Although the miRNA pathway mutant data support the scenario that one or more miRNAs repress elav, one could still hypothesize indirect mechanisms leading to elav derepression. For example, loss of the miRNA pathway might reveal a default neural program, which was reported as the ground differentiation state of the vertebrate ectoderm (Chang and Hemmati-Brivanlou, 1998; Ozair et al., 2013) . Curiously, Mei-P26 is another factor with specific (although not exclusive) neural expression that is derepressed in non-neuronal miRNA pathway mutant clones (Herranz et al., 2010) .
We addressed this by staining miRNA pathway clones for a panel of neural markers. For example, the transcription factors Scratch and Deadpan are long-established neural markers in CNS and PNS (Emery and Bier, 1995) . We detected their endogenous expression in eye disc ( Fig. 2H ; data not shown) and wing disc (Fig. 2I ,J), but did not observe elevated Scratch and Deadpan proteins in miRNA pathway mutant clones, as observed with parallel Elav stainings. We assayed other neural antigens (Futsch, Shep, FasII, FasIII and Orb) , and none of these exhibited ectopic staining in Dcr-1 and/or pasha clones ( Fig. S3A ; data not shown). The specific effects on Elav argue against a general neural transformation in the loss of miRNA activity.
An alternative possibility is that loss of miRNA function leads to transcriptional derepression of elav. To address this possibility, we generated Dcr-1 clones in wing and eye-antennal imaginal discs bearing an elav-lacZ transcriptional reporter (Yao and White, 1994) . We confirmed higher expression of β-Gal in neurons posterior to the MF of the eye-antennal disc, but did not observe upregulation of elav-lacZ in Dcr-1 clones (Fig. S3B ). In fact, elav-lacZ activity appeared to be dampened, an effect that was more evident in wing disc clones that still maintained elevated Elav protein (Fig. S3B ). We conclude that there is no transcriptional basis for the effects that we documented, and that transcriptional regulation at the locus might even antagonize the net elevation of Elav seen in cells lacking the miRNA pathway.
miRNA-mediated repression via the elav 3′ UTR can generate its spatial expression pattern
The above negative data implied that the miRNA pathway directly represses elav. To test this, we generated a transgenic tub-GFP-elav 3′ UTR (GFP-elav) sensor (Fig. 3A) . We note that extensive transcriptome data (Brown et al., 2014) do not support the annotated elav 3′ UTR utilized in TargetScan predictions (www.targetscan. org) as a bona fide expressed isoform. Instead, we identified a longer proximal isoform as well as genuinely extended isoforms (Fig. 3A) , consistent with previous northern blotting experiments (Smibert et al., 2012) . Our GFP-elav sensor includes the full untranslated region. Interestingly, whereas control tub-GFP-tub 3′ UTR sensor lacked patterned expression (Fig. 3B) , GFP-elav precisely recapitulated the endogenous Elav pattern (Fig. 3C-E) . That is, GFP was low throughout imaginal discs but accumulated in Elav + photoreceptors and neurons in the brain and ventral nerve cord. This was particularly striking in the case of specific cells that express high levels of GFP-elav in the vicinity of early arising sensory organs of leg discs. Double labeling with Elav confirmed that these were indeed neurons (Fig. 3D) . Thus, post-transcriptional repression via the elav 3′ UTR is sufficient to generate the Elav spatial expression pattern.
We then introduced the GFP-elav sensor into backgrounds suitable for generating negatively marked miRNA pathway clones. Cells lacking pasha (Fig. 3F,G) or drosha (not shown) exhibit concomitant, cell-autonomous derepression of both endogenous Elav and GFP-elav sensor. Thus, a major aspect of elav spatial control is mediated post-transcriptionally.
The mir-279/mir-996 cluster is an endogenous repressor of elav As with many genes, the elav 3′ UTR contains conserved binding sites for multiple miRNAs (Fig. 3A, Fig. S4A ). Among these, miR-7 and miR-8 are known to be active in imaginal discs. However, null clones of mir-7 and mir-8 did not derepress Elav (Fig. 3H,I, Fig. S5 ). In general, few miRNA targets have been shown to exhibit cell-autonomous derepression in miRNA mutant clones, so this is a very stringent test. These negative results do not distinguish whether potential regulation is nonexistent or very mild, or requires the coordinated action of multiple miRNAs.
Cognizant of the longer elav 3′ UTR, we performed de novo assessment of potential conserved miRNA sites in elav 3′ extended regions. Notably, the 'true' longer proximal 3′ UTR contains two deeply conserved 8mer sites for the miR-279/996/286 seed family (Fig. 3A) . The 8mer site constitutes the highest affinity type of canonical site (Grimson et al., 2007) , and both sites reside in locally conserved domains in the newly recognized common 3′ UTR (Fig. S4B) . We also identified a less-conserved 7mer-1A site for the miR-279/996/286 family. Expression of miR-286 is restricted to the early embryo, whereas miR-279 and miR-996 are co-expressed from a genomic cluster and are detected throughout development (Mohammed et al., 2014; Sun et al., 2015) . We recently characterized a double-deletion allele [15C] that specifically removes mir-279/mir-996 (Sun et al., 2015) , and showed that both miRNAs contribute to a variety of neural phenotypes previously ascribed to the sole loss of miR-279 (Cayirlioglu et al., 2008; Luo and Sehgal, 2012) .
We examined mir-279/996[15C] null clones and observed clearly elevated Elav in mutant cells (Fig. 3J) , in contrast to the other miRNAs tested (Fig. S5) . Therefore, this individual miRNA locus is a substantial mediator of non-neural repression of Elav. With this knowledge in hand, we assayed for direct regulation of the GFP-elav sensor in mir-279/996[15C] clones. Indeed, accumulation of this sensor was elevated in cells deleted for miR-279/996 (Fig. 3K) , demonstrating that they are crucial effectors of the miRNA pathway for post-transcriptional suppression of ubiquitous elav.
Complementary expression of mir-279/996 and Elav in the peripheral nervous system
In some sense, our finding that miR-279/996 suppress non-neural Elav was as unexpected as our realization of ubiquitous Elav. In particular, our previous studies indicated that miR-279/996 are specifically deployed in sensory organs and regulate neural specification (Cayirlioglu et al., 2008; Sun et al., 2015) , and thus did not hint at their ubiquitous expression. 
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"true" proximal 3' UTR distal 3' UTR extension Fig. 3 . Direct repression of the elav 3′ UTR via the miRNA pathway and miR-279/996. (A) The tub-GFP-elav 3′ UTR sensor transgene. We find that the 3′ terminus used in public miRNA annotations (e.g. TargetScan) is not detected in vivo. Rather, the genuine proximal 3′ UTR isoform is nearly 3 kb longer, and we identify an extended 3′ UTR isoform, both of which are supported by 3′-seq tags (as annotated). To address whether there was truly broader expression of the mir-279/996 locus outside of sensory organs, we analyzed the expression of a miR-279-GFP transcriptional reporter. We knocked GFP into a 16.6 kb mir-279/996 genomic backbone (Fig. 4A) , which we showed fully rescues mir-279/996 null animals (Sun et al., 2015) . This reporter generated ubiquitous GFP in imaginal discs (Fig. 4B) , consistent with our finding that arbitrary clones of mir-279/996 derepress endogenous Elav. Interestingly, in very late third instars we noted elevated expression of the miR-279-GFP reporter in the vicinity of the wing margin and dorsal radius (Fig. 4B) ; these regions generate the first peripheral sensory organs in the wing disc during the transition to pupariation. We assessed cells expressing miR-279-GFP relative to Elav and the pan-sensory organ marker Cut. We observed that miR-279-GFP indeed accumulated in sensory organ cells that were Cut positive but Elav negative (Fig. 4C) . Thus, transcription of the mir-279/996 locus generates 'miRNA-lo' and 'miRNA-hi' domains that are antagonistic and complementary to Elav accumulation.
We extended these observations by analyzing endogenous transcription of the mir-279/996 locus. While imaginal discs were not amenable to miRNA in situ hybridization (not shown), we previously observed robust nascent transcription of mir-279/996 in the embryonic CNS and PNS (Aboobaker et al., 2005) . It has been reported that mir-279 transcription does not occur in Elav + cells in the CNS (Stark et al., 2005) . However, the cell types expressing the miRNAs were not determined at that time. We studied the expression of mir-279/996 in detail in the embryonic PNS, using double in situ hybridization/antibody staining. Although this method necessitates a compromise for detection of primary miRNA transcripts, which can be challenging to detect, we were able to obtain clear PNS signals for mir-279/996 co-stained with Elav and Cut antibodies (Fig. 4D) . In the embryonic PNS, Cut is expressed by all lineage cells but accumulates to a higher level in non-neuronal cell types such as the socket and shaft (Blochlinger et al., 1990) . When examining segments at higher magnification to identify specific PNS clusters, we observed strong overlap of miRNA transcription in Cut + PNS cells, but not in Elav + neurons (Fig. 4E) . We also observed some PNS accessory cells that were labeled only for mir-279/996, which, based on the known cell lineage, are likely to correspond to sheath cells.
Thus, the complementary expression of miR-279/996 and Elav applies in locations where they are both abundantly deployed (within diverse aspects of the nervous system) and basally deployed (ubiquitously throughout imaginal discs). In particular, within PNS sensory organs mir-279/996 are transcribed in non-neuronal cell types, complementary to Elav, which is upregulated in the differentiated mature neuron. 
Cross-regulatory interactions of the RBPs Mei-P26 and Elav
Mei-P26 is also broadly depressed in miRNA pathway disc clones (Herranz et al., 2010) , and Mei-P26 was proposed to inhibit the miRNA pathway (Neumuller et al., 2008) . Accordingly, ectopic Mei-P26 might be hypothesized to mimic miRNA pathway mutant clones, leading to derepression of Elav. Unexpectedly, we observed the opposite effect, in that Flp-out Gal4 clones expressing Mei-P26 showed strong loss of basal Elav. This was true in both an 'Elav-hi' domain, such as the photoreceptor field (Fig. 5A) , and 'Elav-lo' domains, such as the wing pouch (Fig. 5B) . Therefore, Mei-P26 appears to repress Elav, and this is not apparently due to an effect on the miRNA pathway in general.
Given that Mei-P26 was shown to bind RNA via its NHL domain (Loedige et al., 2014) , we tested whether Mei-P26 directly regulates elav via its 3′ UTR. Indeed, clonal misexpression of Mei-P26 resulted in cell-autonomous reduction of the GFP-elav sensor (Fig. 5C ). This effect was milder than observed with endogenous Elav protein, but close examination of well-positioned clones clearly showed that the GFP-elav sensor was lower in clones that misexpress Mei-P26 (Fig. 5D) . Thus, Mei-P26 may contribute to post-transcriptional repression of Elav outside of the nervous system. Consistent with this, clonal knockdown of Mei-P26 results in mild upregulation of endogenous Elav (Fig. 5E ).
Since ectopic Mei-P26 acts oppositely to the miRNA pathway with respect to basal Elav, and both RBPs are derepressed in miRNA pathway clones, we assessed the consequences of simultaneously removing Mei-P26 and miRNAs. We compared control pasha-KO MARCM clones with those that expressed UAS-mei-P26-RNAi. The former exhibited cell-autonomous derepression of Mei-P26 protein (Fig. 5F ), whereas the latter did not (Fig. 5G) , confirming efficacy of the mei-P26-RNAi transgene. The accumulation of Elav protein was sometimes higher in pasha-KO+UAS-mei-P26-RNAi than in pasha-KO clones, but they were not consistently different.
These data suggest that activity of the miRNA pathway predominates over Mei-P26 with respect to repression of basal Elav. Nevertheless, the existence of multiple strategies for posttranscriptional repression of Elav supports the notion that it is a biologically significant imperative to restrict Elav outside of neurons.
Regulatory and phenotypic impact of non-neural Elav
Elav is mostly considered to influence neuronal gene expression. Do the lower levels of ubiquitous Elav have detectable regulatory impact? To address this, we took advantage of a transgenic Elav activity sensor (ub-GFP-Hsp70Ab 3′ UTR or UgGH, Fig. 6A ) to assess the in vivo function of Elav (Toba et al., 2002) . We confirmed that Flp-out clones expressing Elav can upregulate the UgGH reporter (Fig. 6B) . We then introduced UgGH into a background bearing either Dcr-1 or Pasha null mutant clones. Both types of mutant clones elevated both Elav and UgGH (Fig. 6C,D) , demonstrating palpable regulatory activity of derepressed, basal Elav outside of the nervous system.
In the course of Elav activity sensor tests (Fig. 6B) , we noticed that clones of cells that overexpress Elav were much smaller than control clones or even miRNA pathway clones. This suggested that elevation of Elav in non-neural settings might not be tolerated. To investigate this further, we activated Elav with a panel of Gal4 drivers. We found that activation of Elav using da-Gal4 (ubiquitous), ap-Gal4 (dorsal compartment of wing disc) and rnGal4 (wing pouch) were all fully lethal (Fig. 6E) . Therefore, elevation of Elav in non-neural settings is highly deleterious. By contrast, misexpression of Elav in neurons using elav-Gal4 was compatible with viability, consistent with its normally high levels of expression in this cell type.
Immunostaining of Flp-out expression clones provided cellular insight into region-specific effects of Elav. Control GFP-expressing clones were easily induced throughout the eye disc (Fig. 6F) . However, inspection of eye discs bearing Elav Flp-out clones showed that labeled cells persisted robustly only within the normal 'Elav-hi' domain, namely in the photoreceptor field (Fig. 6G) . Elav-expressing clones were poorly recovered elsewhere in undifferentiated portions of the retina or antennal domain. This is consistent with the viability of elav-Gal4>UAS-elav animals, and the overall notion that Elav exerts its normal function in neurons but is poorly tolerated at high levels elsewhere.
In the wing disc, control GFP clones were again recovered throughout (Fig. 6H) . By contrast, Elav-expressing clones exhibited distinct behaviors in different wing disc regions. They were poorly recovered in the prospective notum epithelium (Fig. 6I,N) , although the large adepithelial cells that cover the notum could express ectopic Elav (Fig. 6I, AE) . We also observed clones in the wing pouch disc proper (Fig. 6I, WP ), but these exhibited poor morphology suggestive of apoptosis. Indeed, pouch clones that overexpressed Elav reacted strongly with the apoptosis marker cleaved caspase 3 (c-casp3), whereas adepithelial cells with high Elav did not react similarly (Fig. 6I″) . Close examination of wing pouch clones showed fragmented, pyknotic nuclei that were in the process of being removed from the disc epithelium (Fig. 6J) . This was more evident in transverse sections through the wing pouch, which showed that medially located Elav + cells accumulated high levels of c-casp3 and delaminated (Fig. 6K, asterisk) , whereas lateral Elav + cells in the wing hinge area did not robustly activate c-casp3 and largely remained in the epithelium (Fig. 6K, hash  marks) . Overall, these results highlight a biological imperative to restrict accumulation of Elav outside of the nervous system, particularly within distinct disc compartments.
DISCUSSION
Unexpected expression of cell-specific or compartmentspecific markers Qualitative techniques for assessing mRNA and protein accumulation in tissues can sometimes provide impressions that are unsettlingly distinct from those of quantitative techniques. A classic example is that wholemount in situ hybridizations of Drosophila egg chambers and oocytes provide striking visual evidence for highly localized transcripts of key anterior-posterior patterning determinants. Nevertheless, quantitative analysis reveals that such signals reflect a small minority of total cellular transcripts. For example, the sharp posterior localization of nanos and oskar in situ signals represent only 4% and 18% of total oocyte transcripts, respectively (Bergsten and Gavis, 1999) . Thus, although it originally appeared that mRNA localization determines protein localization, later observations demonstrated that translational control is crucial for the appropriate spatial restriction of cognate proteins.
As another example, antibodies to the Notch transcription factor Su(H) have long served to mark socket cells of peripheral sense organs (Gho et al., 1996) , and its characteristic expression there is driven by an autoregulatory socket enhancer (Barolo et al., 2000) . Nevertheless, as most cells can execute Notch signaling, as evidenced by profound cell-autonomous effects of activated Notch, it is implicit that Su(H) must be ubiquitously expressed. In these, as in all staining experiments, the investigator chooses when to stop a colorimetric reaction or how much to expose a fluorescent image. However, when utilizing cell-specific or subcellular-specific markers, one typically tries to minimize apparent background signals.
The case we present for Elav is particularly surprising given its broad usage as a postmitotic, neural-specific Drosophila antigen. In fact, Elav was reported to accumulate transiently in embryonic glia (Berger et al., 2007) and that it can be detected in a small fraction (∼10%) of larval neuroblasts (Lai et al., 2012) . Nevertheless, these findings have not detracted from its broad use and reliable utility to mark mature neurons.
Here, we show that Elav protein is modestly but ubiquitously expressed, and is substantially derepressed in miRNA pathway mutant clones. We acknowledge that the endogenous regulatory impact of basal Elav remains to be demonstrated. For example, tissue-specific knockdown of Elav in the wing pouch did not overtly affect wing development (data not shown). Nevertheless, Elav is a powerful and multifaceted post-transcriptional regulator that orchestrates alternative splicing, 3′ end formation and alternative polyadenylation (Hilgers et al., 2012; Koushika et al., 2000; Lisbin et al., 2001; Soller and White, 2003) , and it would not be surprising for basal Elav to have demonstrable effects. Indeed, we visualized that ectopic Elav generated in miRNA pathway mutant clones upregulates a transgenic Elav sensor.
Elav was previously shown to be transcriptionally repressed in neuroblasts by the intrinsic factor Worniu, and that this is required to prevent their premature neural differentiation (Lai et al., 2012) . Our data indicate another unanticipated tier of Elav repression acting via miRNAs, and further suggest that the RBP Mei-P26 also contributes to post-transcriptional repression of the elav 3′ UTR. It is conceivable that other genetic situations might activate Elav in unexpected ways in non-neuronal settings. Thus, the reality of broadly transcribed and translated Elav should be taken into consideration in Drosophila studies.
miR-279/996 repress Elav within sensory organs and outside the nervous system Amongst the many miRNAs that have captured elav within their target cohorts, the mir-279/996 locus is particularly notable. Current knowledge points to important roles of this miRNA operon in sensory organ development. This locus was one of the first to be characterized by primary transcript in situ hybridization, revealing expression in embryonic CNS and PNS (Aboobaker et al., 2005) but not in differentiated neurons (Stark et al., 2005) . This was coupled to bioinformatic evidence that the miR-279/996 seed is enriched for conserved targets that are neurally expressed (Stark et al., 2005) . Finally, deletion mutants of mir-279/996 reveal defects in olfactory sensory organs, causing inappropriate specification of ectopic CO 2 -sensing, Elav + neurons within the maxillary palp (Cayirlioglu et al., 2008; Sun et al., 2015) . The developmental basis of this phenotype remains unknown, but a plausible hypothesis based on their expression and computational patterns as 'anti-neuronal' determinants might be that they stem from the transformation of a non-neuronal sensory lineage cell into an ectopic neuron.
These observations stem from the locations of overt expression of mir-279/996 and Elav within the nervous system, comprising 'miRNA-hi' and 'Elav-hi' territories, which we extend using in situ and transcriptional reporter studies. However, we unexpectedly show that their antagonistic relationships extend more broadly to 'miRNA-lo' and 'Elav-lo' territories, which comprise all imaginal cells and possibly include other settings. In particular, we use stringent knockout analyses to show derepression of Elav protein and GFP-elav sensor in mir-279/996 mutant clones. We do not rule out a potential contribution of other miRNAs to elav control, but miR-279/996 exert substantial regulation and constitute a notable example of a potent single miRNA locus-target interaction. Strikingly, post-transcriptional regulation is sufficient to generate the appropriate Elav spatial pattern. Indeed, a ubiquitous reporter linked to the elav 3′ UTR actually mimics Elav expression more closely than the elav transcriptional reporter, since GFP-elav is neural restricted but is responsive to the miRNA pathway and to miR-279/996 in non-neural territories.
Non-neural expression of neural Elav family members is observed in a subset of human malignancies associated with cooccurring paraneoplastic syndromes. Remarkably, characterization of abundant immunoglobulins in these patients led to the discovery of the human Elav ortholog HuD (ELAVL4). Subsequent studies revealed that HuD, like Elav in flies, is expressed specifically in mature neurons but is aberrantly expressed in cancers such as small cell lung cancer. The ectopic expression outside of the immuneprivileged nervous system mounts a strong immune response that crosses the brain-blood barrier. Here, HuD + neurons are destroyed leading to neurological paraneoplastic syndromes that are often lethal (Albert and Darnell, 2004; Darnell, 1996) . The mechanism leading to ectopic HuD outside of the nervous system has long been elusive, but HuD notably bears one of the most conserved mammalian 3′ UTRs (Siepel et al., 2005) . Thus, it is plausible that a post-transcriptional mechanism similar to that which we identified in flies might help restrict HuD/Elav to the nervous system.
MATERIALS AND METHODS
Drosophila genetics
To generate 3′ UTR sensor transgenes, we used recombineering to insert the entire elav or tubulin 3′ UTRs, including ∼1 kb downstream of the most distal cleavage site, downstream of a tubulin-GFP cassette. Detailed cloning procedures are provided in the supplementary Materials and Methods. The resulting attB-p[acman]GFP-3′ UTR sensors were integrated into the attP2 site (BDSC#8622) by BestGene.
We used published alleles of miRNA pathway factors on FRT backgrounds: FRT42D drosha[21K11] (Smibert et al., 2011) , FRT82B Dcr-1[Q1147X] (Lee et al., 2004) , FRT82B pasha[KO] (Martin et al., 2009 ); a recombinant FRT82B, Dcr-1, pasha chromosome was constructed herein. RNAi lines were from the Vienna Drosophila RNAi Center: UAS-GW182-RNAi (VDRC 103581), UAS-elav-RNAi (VDRC 37915) and UASmei-P26-RNAi (VDRC 101060). Other published mutants and transgenes included elav[4] (Campos et al., 1985) , elav-lacZ (Yao and White, 1994) , mir-7[delta1] (Li and Carthew, 2005) , mir-8[delta1] (Shcherbata et al., 2007) , mir-279/996[15C] (Sun et al., 2015) , 16.6 kb mir-279/996-GFP (Sun et al., 2015) , UAS-elav[2e2], UAS-elav[3e3], ubi-GFP-UgGH (Toba et al., 2002) and UAS-mei-P26 (Page et al., 2000) . A detailed summary of the genotypes analyzed is provided in the supplementary Materials and Methods.
Cell culture methods
RNAi knockdowns and western blots were performed in S2 cells (DGRC) as outlined in the supplementary Materials and Methods.
Immunohistochemistry and in situ hybridization
Imaginal disc clones were induced 72 h after egg-laying (AEL) with either 60-min (mitotic or MARCM) or 15-min (Flp-out) 37°C heat shock and (A) The UGgH Elav sensor consists of ubiquitously expressed GFP followed by the AU-rich element (ARE)-rich 3′ UTR of Hsp70Ab, a sensor previously shown to be stabilized by Elav. (B,B′) Clonal expression of UAS-elav increases UGgH expression (arrowheads). (C-D″) Dcr-1 (C) or pasha (D) mutant clones that derepress Elav also stabilize the UGgH Elav activity sensor. (E) Summary of elav misexpression tests shows that it induces lethality when activated with multiple non-neuronal drivers, but not when activated neuronally. (F-G‴) Flpout expression clones in eye discs, marked by activation of UAS-lacZ (β-Gal, green). (F) Control GFP clones are recovered throughout the eye disc. (G) Elav-expressing clones are preferentially recovered in photoreceptors, and do not induce cell death as marked by cleaved caspase 3 (c-casp3; G″). (H-K′) Flp-out expression clones in wing discs, marked by activation of UASlacZ (β-Gal, green). (H) Control GFP clones are recovered throughout the wing disc and do not induce c-casp3 activity. (I) Elav-expressing clones are recovered in the wing pouch (WP) and prospective notum (N), but cells in the latter region are not in the disc epithelium but rather reside in the adepithelial layer (AE). Elav-expressing cells in the wing pouch accumulate high levels of c-casp3 (I″, arrowhead), whereas Elav-expressing adepithelial cells do not (I″, arrow). (J) High magnification of wing pouch region shows that Elavexpressing clones are fragmented. Lack of continuous DAPI signal is due to visualization of a narrow z-section, and the pyknotic nuclei (J″, arrows) delaminate from the epithelium. (K) Transverse section through the wing pouch illustrates how dying, Elav + c-casp-3 + clones (asterisks) in the center of the wing pouch are removed from the epithelium, whereas laterally located clones remain integrated and express little or no c-casp3 + (hash marks). At least five imaginal discs were assayed for each genotype, and each set of stainings was performed at least twice; representative clones are shown.
fixed 72 h later. Primary antibodies were chicken anti-GFP (1:1000; Abcam, ab13970), mouse anti-β-galactosidase (1:50; 40-1a, DSHB), rabbit antiMei-P26 (1:1000; gift of P. Lasko, McGill University, Montreal, Quebec, Canada), rat anti-Elav (1:50; 7E8A10, DSHB), mouse anti-Orb (1:50; 4H8, DSHB), rabbit anti-Dpn (1:1000; gift of Y. Jan, University of California, San Francisco, USA), rabbit anti-Scrt (1:1000; our laboratory), rabbit antiShep (1:50; gift of E. Lei, NIH National Institute of Diabetes and Digestive and Kidney Diseases), mouse anti-Fas2 (1:50; 1D4, DSHB), mouse antiFas3 (1:50; 7G10, DSHB), mouse anti-Futsch (1:100; 22C10, DSHB), mouse-anti-Cut (1:100; 5G12-D3, DSHB) and rabbit anti-cleaved caspase-3 (1:250; 9661, Cell Signaling). Secondary antibodies were made in donkey and conjugated to Alexa 488, 568 or 647 (Jackson ImmunoResearch).
For miRNA in situ/antibody double labeling, we first cloned a genomic fragment covering the mir-279 hairpin (using mir279F, GCTCTAGAagacgccgcttatcaacgct; and mir279R, CCGCTCGAGgttccggtagaaaccggagc) into XbaI/XhoI sites of pBS-SK (Stratagene). The plasmid was cut with XbaI and digoxigenin-labeled RNA probes were generated using T7 polymerase. In situ hybridization was carried out using tyramide signal amplification (TSA).
Statement of reproducibility and consistency
We utilized clonal techniques wherein wild-type tissue serves as the internal control to marked clones of interest, which are either deleted for one or more genes and/or misexpress gene products or knockdown triggers. We typically examined five or more discs for each genotype, and analyzed tissues from independent batches of crosses to ensure reproducible and consistent data.
